Abstract: A lightweight aggregate was produced by sintering the mixture of gold mine tailings, red mud, and limestone at 1150 • C. The physical (i.e., skid resistance, abrasion resistance, and bond strength) and environmental (i.e., leachability) feasibility of this aggregate was assessed to consider its potential use as a construction material for bicycle lanes. The skid resistance (British pendulum number of 71) and bond strength (1.5 N·mm −2 ) of the aggregate were found to be appropriate for this use. However, the abrasion loss value of the aggregate was found to be 290 mg, which exceeds the limit of Korean Standard KS F 281 (200 mg). Heavy metals were found to not leach from the aggregate in various leaching tests. These include Korean (Korea Standard Method for Solid Waste), American (Toxic Characteristic Leaching Procedure (TCLP), Synthetic Precipitation Leaching Procedure (SPLP)), and European (BS EN 12457-1) leaching tests, despite the raw materials containing significant amounts of Pb, As, and F. However, leachate extracted from the aggregate exhibited an aquatic toxicity to Daphnia magna of 13.94 TU 24hr and 14.25 TU 48hr , most likely due to a high pH and Ca concentration originating from the free CaO present in the aggregate. The data suggests that the physical properties of the reconstructed aggregate are appropriate for use in bicycle lane construction, however the dissolution of Ca and the pH level of the leachate need to be controlled to protect aquatic ecosystems.
Introduction
In total, there are 5396 mines located in South Korea, and mine tailings from flotation processes accumulate in 345 of these mines [1] . The estimated volume of these tailings was 15 million m 3 in 2012 [2] . These tailings can result in severe, long-term environmental and social consequences from tailing spills, dam failures, seepage, unrehabilitated sites, and cases of direct discharge into waterways [3] [4] [5] . Meanwhile, a huge quantity of waste limestone having non-practical value of calcite is generated from cement industry. Bauxite residue, referred to as red mud, is also produced from the alumina industry. Current bauxite residue reached an estimated 2.7 billion tones in 2007, increasing at 120 million tons per annum [6, 7] .
To mitigate the problems associated with the storage of large volumes of tailings, many studies have proposed methods of recycling tailings as valuable resources including cemented paste backfills [8] , bricks [9] , and road base materials [10] . Since the gold tailing mostly consists of fine quartz particles, its application is highly limited unless an agglomeration or sintering process is employed. Various trials to utilize red mud, including civil and building construction, wastewater and effluent treatment, recovery of major metals, and steel making and slag additive, were also conducted [6] . Aside from these uses, the production of lightweight aggregates may represent an attractive recycling application for mine tailings because lightweight aggregates have a higher value than normal weight aggregates [11] . Various mineral wastes have been used to produce lightweight aggregates, including reservoir sediment [12] , fly ash [13] , red mud with a pulverized fuel ash [14] , limestone powder with fly ash [15] , and sewage sludge [16] . The advantage to utilize mine tailing as a source for lightweight aggregates by using red mud and waste limestone as fluxes is that these three powder-type waste materials can be simultaneously consumed because the major components of tailing, red mud, and waste limestone are quartz, hematite, alumina, and lime, and these four oxides form stable slag composition, as used in the iron and steelmaking processes [17] .
When these problematic waste materials are recycled as construction materials, such as lightweight aggregates, the environmental impact should be evaluated to ensure effective environmental management. For example, Petkovic et al. [18] proposed a decision-making tool for determining whether recycled materials such as asphalt waste or vehicle tires are appropriate for use as road construction materials. To assess the environmental impact of the recycled materials, a coupled 8-step procedure was suggested, including a scenario description, recycled material characterization, identification of hazardous elements in the recycled materials, and determining the influence of these parameters on leaching behavior. If the calculated risk is deemed higher than an acceptable level of risk, the materials cannot be recycled for road construction [18] . Chang et al. [19] determined the impacts from the leachability of hazardous toxic elements from lightweight aggregates made of sludge cake obtained from electronics factories. Although lightweight aggregates from the recycled metal sludge contained Cd, Cr, Cu, and Pb, the metals were not found to leach. Consequently, it was proposed that these recycled aggregates do not have a harmful effect on the environment. Maghool et al. [20] evaluated the potential usage and environmental impact of steelmaking slag aggregates as road construction materials. In total and leachable heavy metal tests, the steel slags were found to have no environmental risks for use as aggregates in roadwork applications. Likewise, identifying the leaching behavior of recycled materials is very important to assess the potential environmental impacts associated with recycling wastes or byproducts. However, most studies so far have been focusing on leachable hazardous elements tests, and very few studies have been reported on environmental compatibility of the recycled materials based on leachability and ecotoxicity tests [14] .
In a previous study, lightweight aggregates were produced from a mixture of gold mine tailings, red mud, and waste limestone using a high-temperature ceramic sintering process [21] . The mixture of mine tailing, red mud, and waste limestone at 2:1:1 was able to achieve low temperature sintering (1150 • C) and the produced aggregate showed significantly higher compressive strength than the commercial aggregates and improved water resistance. In this study, the physical and environmental feasibility of using lightweight aggregates was analyzed regarding environmental compatibility when used for bicycle lanes, based on hazardous elements leachability and leachate toxicity tests by Daphnia magna.
Materials and Methods

Sample Preparation and Characterization
A detailed description of the lightweight aggregate production process and thermodynamic analysis has been presented previously [21] . Briefly, gold mine tailings from flotation processes at a domestic mining and mineral processing company; red mud from the Bayer process of a domestic aluminum hydroxide manufacturer; and waste limestone powder from a cement producer in Korea, were prepared to a size of under 100 µm, mixed at the ratio of 2:1:1 (w/w), and pelletized. Spherical pellets sized at approximately 10 mm in diameter were prepared by hand rolling with drops of distilled water. The samples were dried at 200 • C for 48 h to remove potential physi-sorbed residual moisture. The prepared pellets were arranged in a dense alumina boat and inserted into a Si-C electrical resistance heating box furnace. The pellets were heated for 30 min at 1150 • C to produce the lightweight aggregate.
The elemental and mineralogical composition of the aggregate was analyzed using X-ray fluorescence (XRF) (S4 Pioneer, Bruker AXS, Karlsruhe, Germany) and X-ray powder diffraction (XRD) (D8 Advance, Bruker, Karlsruhe, Germany), respectively. The heavy metal content in the mine tailings, the red mud, and the waste limestone was digested using the Korean standard testing method for soil contamination [22] . The digested samples were filtered through a 0.45 µm GHP syringe filter (Pall, Nassau County, NY, USA) for further analysis.
Physical Feasibility Tests
The physical feasibility of the lightweight aggregate as a material for bicycle lane construction was evaluated by testing skid resistance, abrasion resistance, and bond strength to Korean Standards (KS, available at http://www.kssn.net); KS F 2375 (Testing method for measuring surface frictional properties using the British Pendulum Tester); KS F 2813 (Method of abrasion test for building materials and part of building construction (Abrasive paper method)); and KS F 4936 (Coating materials for the protection of concrete), respectively. Skid resistance was measured using the British Pendulum Tester (JI-537, Jeil Precision, Seoul, Korea), abrasion resistance was measured using the Taber Abrasion Tester (WL210T, Withlab, Gyeonggi-do, Korea), and bond strength was tested using the Universal Testing Machine (Z030 TEW, Zwick, Ulm, Germany). The specimens produced for these tests are shown in Appendix A, Figure A1 .
Leachability Tests
The leachability of the hazardous elements comprising the lightweight aggregate were tested using various official standards such as the Korean standard testing methods for solid wastes (KSTM-SW) [23] ; the EPA 1311 method "Toxicity Characteristic Leaching Procedure" (TCLP) [24] ; and EPA 1312 method "Synthetic Precipitation Leaching Procedure" (SPLP), which is designed to simulate in situ exposure of materials to slightly acidic rainfall [25] . The European standard method "Characterization of waste Leaching compliance test for leaching of granular waste materials and sludges Part 1: One stage batch test at a liquid to solid ratio of 2 L·kg −1 for materials with particle size below 4 mm; BS EN 12457-1" was also used [26] . For KSTM-SW, 100 g of the aggregate was passed through a 2.0 mm sieve and mixed with distilled water adjusted to a pH of 5.8 to 6.3 with HCl at a ratio of 1:10 (w/v). The mixture was shaken for 6 h at 200 rpm, with 4 to 5 cm amplitude at room temperature. For TCLP and SPLP, the aggregate was passed through a 9.5 mm sieve and mixed with an extracting solution of distilled water adjusted to a pH of 2.88 ± 0.05 with acetic acid for TCLP, and to a pH of 5.00 ± 0.05 with a 60:40 (w/w) mixture of H 2 SO 4 :HNO 3 , for SPLP, respectively, at a 1:20 ratio (w/v) [24] . These mixtures were shaken on a rotary agitator (30 rpm, 23 ± 2 • C) for 18 h [24] . For the European standard method, BS EN 12457-1, a 0.175 kg of the sample aggregate was passed through a 4 mm sieve, mixed with 0.35 L of deionized water (pH 5-7.5, conductivity <0.5 mS·m −1 ), and mixed on an end-over-end tumbler (5-10 rpm) for 24 h at 20 ± 5 • C [26] . In these, all procedures, solids, and liquids were separated by centrifuging at 12,000 g for 15 min and filtration through a 0.45 µm GHP syringe filter for further analysis.
Toxicity Tests
The acute toxicity of the leachate obtained from the KSTM-SW leachability tests was determined by exposing Daphnia magna to the leachate for 24 h and 48 h using the Acute Toxicity Test Methods for Daphnia magna Straus (Cladocera, Crustacea) [27] . The variation of toxic effect was plotted with the variation in the dilution percentages for each leachate. These results were then fitted to a sigmoidal curve using SigmaPlot 10.0 (Systat software, Chicago, IL, USA) to calculate half-maximal effective concentration (EC50) value and the toxic unit (TU).
Analytical Methods
The concentration of Cr, Fe, Ni, Cu, Zn, As, Cd, Pb, Ca, and Mg in the leachate was obtained from the different leachability tests, and the digested samples were analyzed using an Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) (ICAP 7400 DUO, Thermo Scientific, Waltham, MA, USA). Cyanide and fluoride was spectrophotometrically determined using the pyridine-pyrazolone method [28] and Zirconium-SPADNS method [29] , respectively.
Results
Physical Feasibility of the Lightweight Aggregate as Construction Materials for Bicycle Lanes
The physical feasibility of the lightweight aggregate as a material for constructing bicycle lanes was demonstrated with respect to skid resistance, abrasion resistance, and bond strength. For skid resistance, the energy loss is measured when the surface of the specimen is rubbed against a rubber slider, with the resulting amount of energy lost expressed as the skid resistance, and represented as a British Pendulum Number (BPN). The BPN of the aggregate in this study was 71. When compared with the acceptable minimum for bicycle lanes of 40 [30] , the value is appropriate. For abrasion resistance, a machine rotates an abrasion head rubbing an abraded face of the specimen. When the number of revolutions of abrasion head reaches 1000, the loss of specimen is measured. The abrasion value in this study was 290 mg, which exceeds the limit of the KS F 2813 standard (200 mg). For the bond strength test, the maximum tensile load on the specimen was measured, and the bond strength was calculated from the equation (bond strength (N·mm −2 ) = T/1600, where T is the maximum tensile load (N)). The bond strength of the lightweight aggregate in this study of 1.5 N·mm −2 satisfies the KS F 4936 standard value of 1.2 N·mm −2 . Overall, the lightweight aggregates tested in this study can be utilized as construction materials for bicycle lanes if reinforcement for abrasion resistance is applied.
Environmental Compatibility of the Lightweight Aggregate
The environmental impact of the lightweight aggregate when used as a material for bicycle lane construction was demonstrated by leachability and leachate toxicity tests. First, the potentially hazardous elements in the raw materials were analyzed. Table 1 shows the elemental compositions of the mine tailings, the red mud, and the waste limestone analyzed by XRF. The major components of the mine tailings were Si (36.68%); red mud, Fe (26.89%) and Al (13.19%); and waste limestone, Ca (56.43%). Figure A2 also shows the XRD peak patterns of the mine tailings, the red mud, and the waste limestone. The major minerals in the mine tailings, red mud, and the waste limestone was SiO 2 (62.98%), Fe 2 O 3 (26.53%), and CaCO 3 (81.73%), respectively. Table 2 shows the total hazardous element concentrations of the raw materials and the lightweight aggregate. In the mine tailings and the red mud, 107 and 40 mg·kg −1 of Pb and 12.6 and 15.2 mg·kg −1 of As was detected, respectively. Fluoride was also detected in the all raw materials, in the range of 308-472 mg·kg −1 . The leachability of the raw materials and lightweight aggregate were evaluated using standard leaching tests from Korea, the US, and Europe as shown in Table 3 . For all raw materials and the lightweight aggregate, no significant leaching of hazardous elements was detected. Similar studies have also reported no leached heavy metals detected from lightweight aggregates from mining residues, heavy metal sludges, and incinerator fly ash, even when the raw materials contained heavy metals [31, 32] . The results show that the leachate of the red mud and the lightweight aggregate showed a relatively high pH of more than 11, with the exception of the red mud leachate from the TCLP test. The high pH of red mud is because of its caustic nature [33] . The residual NaOH in the red mud reacts with silicate and forms Na 2 SiO 3 at high temperatures [34] , therefore, in the aggregate after the sintering process, the alkaline characteristics of red mud would be gone. The high pH of the leachate from the aggregate may originate from CaO. The high Ca concentration in the leachate supports this assumption. As shown in our previous study [21] , during the sintering process of the lightweight aggregate, CaCO 3 (calcite) decomposes at 897 • C, and is no longer observed for samples heated above 1050 • C, 1050 • C, and 1100 • C, where SiO 2 (quartz), Fe 2 O 3 (hematite) and CaO were the main phases present within the heated sample, respectively. Even though the CaO content of the aggregate decreases at 1150 • C, there is still CaO remaining as analyzed by Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM/EDX). The CaO in the aggregate generates alkaline leachates, and free CaO dissociates to form Ca 2+ and OH − to increase the pH. Similarly, steel slag contains free CaO and generates an alkaline leachate with a pH of 10 to 13 [35] , containing heavy metals that are passively treated by storage in a wetland [36] . Proctor et al. [37] analyzed the potential ecological risk of three types of steel-industry slags and concluded there is potential for impacts to aquatic life due to a high pH.
As an indicator of impact on the surrounding environment, the ecotoxicity of the KSTM-SW leachate was analyzed by using water fleas, Daphnia magna (Table 4 ). The toxicity is presented as toxic units (TU, 100/EC 50 ). The TU value of red mud was very high (i.e., 30.4 at 48 h), possibly because of a Metals 2017, 7, 390 7 of 12 high pH value. The TU value of the lightweight aggregate leachate was also significantly higher than the raw material leachate except for the leachate from the red mud. Rendal et al. [38] showed that toxicity measured by Daphnia magna significantly increases at pH values above 8. Also, as shown in Table 3 , in the lightweight aggregate leachate, a very high concentration of Ca was observed. To remove this calcium, the leachate was left in contact with air for two days to allow the Ca to precipitate as CaCO 3 ( Figure A3 ). The precipitate was collected by filtration using a 0.45 µm filter and identified as CaCO 3 by XRD analysis ( Figure A4 ). The pH of the as-is leachate was adjusted to 6. Then the toxicity of the leachate including as-is leachate, pH-adjusted leachate, Ca-removed leachate, and Ca-removed and pH-adjusted leachate was tested ( Table 5 ). The toxicity of the pH-adjusted leachate greatly reduced, and the toxicity of the leachate after removing Ca was also down by about half. By removing Ca and adjusting pH, the TU value of the leachate was also significantly reduced. The remaining toxicity of the leachate with the Ca removed may be attributed to the residual Ca (96.3 mg·L −1 ) or high pH, as the LC 50 of Ca is 52 mg·L −1 [39] . Both of high pH and Ca content of the lightweight aggregate leachate should be controlled when used for bicycle lanes. Some studies on the use of steelmaking slag recycling as cement have reported that some cementing materials such as blast furnace slag or fly ash were used to consume free CaO [40] . By decreasing the content of free CaO, the high pH and Ca problem may be minimized. Also, since a high free-CaO content may cause volume expansion of the bicycle path by hydration [41] , it may be more beneficial to use these additives to consume the free CaO when the lightweight aggregate is produced. Increasing sintering temperature and time may be another option to control the free CaO content because the CaO content decreases with temperature as mentioned above. If the aggregates were produced at temperatures below 1100 • C, more CaO would remain in the aggregate, and the leachate toxicity to Daphnia magna would increase.
The heavy metal leachability of the recycled materials including lightweight aggregates has been assessed in many studies [14, 19, 31, 42] , however, this is very first study showing ecotoxicity of the leachate and the potential effect of free CaO contained in the aggregates. Aside from the leachable heavy metal contents, after the sintering process, the composition of the aggregates can be changed and unexpected hazardous materials can be generated. Until now, for construction use, only the leachability test has been used to assess hazardous heavy metal dissolution from the recycled materials. However, if the aggregates are contacted to water, the alkaline leachate containing Ca from the aggregate may generate and contaminate the environment even though the leachate does not contain any heavy metals. Thus, these findings suggest that it is important to assess the alkalinity and toxicity of the leachate from the lightweight aggregate as well as heavy metal leaching.
In conclusion, the lightweight aggregate in this study was evaluated concerning its physical feasibility and environmental leachability and leachate toxicity. The results showed that the use of this aggregate is feasible for bicycle lanes except for a relatively weak abrasion resistance. Therefore additives, such as nanoparticles, may be added to enhance the abrasion resistance [43] . In the leachability tests, no leached hazardous elements were detected, while the toxicity determined by water fleas increased. The cause of this toxicity may be from high pH and Ca because of the residual free CaO in the aggregate. To control the CaO content in the lightweight aggregate, the sintering temperature and time may be increased, through changing the ratio of limestone addition, or adding other CaO-consuming materials. If the lightweight aggregate is used without treatment, it may generate leachates toxic to aquatic life. These results will be useful for designing an environmentally-sound recycling process of mine tailing, red mud, and waste limestone.
Conclusions
In this study, the potential use of a lightweight aggregate made from mine tailings and industrial byproducts was investigated as a construction material for bicycle lanes based on physical feasibility, leachability, and ecotoxicity tests. Overall, it was shown that recycling mine tailings and industrial byproducts as a lightweight aggregate is acceptable but needs reinforcement of abrasive resistance to appropriately control toxic leachates. 
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